ABSTRACT. Cumulus oophorus, an investing structure unique to oocytes of higher mammals, is induced to synthesize an extensive extracellular matrix by ovulatory stimulus, leading to the characteristic preovulatory expansion of the cumulus-oocyte complex. The extracellular matrix consists of cumulus cell-secreted hyaluronan, proteoglycans and proteins, as well as extrafollicularly originated SHAPs (serum-derived hyaluronan-associated proteins) that are bound covalently to hyaluronan. The secretion and assembly of matrix molecules by cumulus cells are temporally regulated by factors derived from both mural granulosa cells and oocyte, which synchronize the deposition of the cumulus oophorus matrix with other intrafollicular ovulatory events. The cumulus oophorus matrix is essential for ovulation and subsequent fertilization. Recently, taking advantage of animal models with defined genetic modifications, it has become possible to investigate in vivo the structure of the cumulus oophorus matrix, the regulatory mechanism for matrix deposition and its biological functions. This review focuses on the recent findings on the construction of the cumulus oophorus matrix and the regulation.
During late stages of folliculogenesis in higher mammals, a population of follicular granulosa cells forms a specific cumulus oophorus structure in the periphery of the ovum. In mice, a cumulus oophorus structure consists of about 3,000-5,000 cumulus cells that are held together by a gap junction network and subsequently by an extensive extracellular matrix after the physiological ovulatory stimulation of luteinizing hormone (LH) surge. The preovulatory deposition of cumulus oophorus matrix causes a characteristic volumetric enlargement of the cumulus-oocyte complex (COC) (about 20-40 times the initial volume) and dissociation of COC from the follicle wall, accompanied by the resumption of oocyte meiosis that is characterized by germinal vesicle breakdown and extrusion of the first polar body. At the same time, LH surge also stimulates active steroidogenesis, prostaglandin/leukotriene synthesis and matrix-degrading protease secretion in mural granulosa cells and theca cells, and great changes in the permeability of the follicle-blood barriers, leading to accumulation of follicle fluid and increase of intrafollicular pressure. As a result, the follicle wall ruptures to extrude COC. The expanded cumulus oophorus structures often remain investing the oocytes in oviducts until several hours after fertilization (Fig. 1) . The cumulus oophorus structure is thus thought to play important roles in oocyte development, ovulation and fertilization in higher mammals.
The cumulus oophorus matrix is a hyaluronanrich matrix
The cumulus oophorus matrix is rich in hyaluronan (HA) as shown by studies on HA synthesis (Salustri et al., 1989) , sensitivity to hyaluronidase (Talbot et al., 1984) , and inhibition of matrix formation by HA oligomers or HA synthesis inhibitors (Camaioni et al., 1993; Chen et al., 1993) . HA is secreted by cumulus cells, in which the HA synthesis activity is first detected 2-3 hours after gonadotropin stimulation, reaches and sustains a maximum rate during 4-10 hours, and declines and ceases by about 18 hours (Tirone et al., 1997) . In a fully expanded cumulus oophorus, HA is present at a concentration of 0.5-1 mg/ml as the predominant matrix components, providing the viscoelastic property for the cumulus oophorus structures. The strictly temporal regulation of HA synthesis in cumulus oophorus appears to *To whom correspondence should be addressed: Institute for Molecular Science of Medicine, Aichi Medical University, Nagakute, Aichi 480-1195, Japan.
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occur at the level of transcription of hyaluronan synthase 2 (HAS2), because the time frame of HAS2 mRNA expression correlates well with HA synthesis. The initially absent HAS2 mRNA appears in cumulus cells within an hour after gonadotropin surge, prior to the onset of HA synthesis, and is downregulated again by the time HA synthesis ceases (Fulop et al., 1997a) . The cumulus oophorus matrix seems to be anchored to the surface of cumulus cells by the well characterized HA receptor, CD44 (Campbell et al., 1995; Ohta, et al., 1999) (Fig. 2A) .
Proteoglycans and proteins secreted by cumulus cells and mural granulosa cells are also important components of the cumulus oophorus matrix (Fig. 2) . Glycosaminoglycans in such proteoglycans include chondroitin sulfate, dermatan sulfate and a heparan-like substance (Salustri et al., 1999) . A predominant population of dermatan sulfate proteoglycan (>1 million Da with a~280 KDa core protein) was found in the cumulus oophorus matrix by 3 H-leucine and 35 S-sulfate labeling, showing similar properties with the HA-binding proteoglycan family molecules, such as aggrecan, versican, neurocan and brevican (Camaioni et al., 1996) . Versicanlike proteoglycan and perlecan-like proteoglycan were also isolated from follicle fluids (Eriksen et al., 1999) . Link protein, which strengthens the binding of proteoglycan to HA in cartilage and aortic intima (Heinegard and Hascall, 1974; Chang et al., 1983) , was also found to be present in cumulus oophorus matrix by metabolic labeling (Camaioni et al., 1996) and immunohistochemical study (Sun et al., 1999) . Therefore, the ternary complexes of HA, HA-binding proteoglycan and link protein are likely to be formed in the cumulus oophorus matrix. While binding to HA at their Nterminal domains, the HA-binding proteoglycan family molecules could also bind at their C-terminal lectin domains to other matrix molecules, such as tenascin-C, and form extracellular network structures in tissues like brain and cartilage (Yamaguchi, 2000) . Tenascin-C was also found in the cumulus oophorus matrix, suggesting the involvement of such molecular interaction in the construction of cumulus oophorus matrices (Familiari et al., 1996) . In addition, the expression of TSG-6 (tumor necrosis factor-stimulated gene-6) gene, which codes for a 35 kDa glycoprotein containing a HA-binding domain, was shown to be specifically upregulated during cumulus oophorus expansion (Fulop et al., 1997b) .
The deposition of extracellular matrix is affected by the cytoskeleton of cumulus cells (Sutovsky et al., 1994 (Sutovsky et al., , 1995 . LH stimulation induces the elongation and polarization of cumulus cells, accompanied by the redistribution of microfilaments and subsequently the extension of microtubules and intermediate filaments into the newly formed cytoplasmic projections of cumulus cells. The presence of cytochalasin B, which disrupts microfilaments, prevented the elongation and projection of cumulus cells as well as the cumulus oophorus expansion. In contrast, the presence of inhibitors that block the matrix deposition and consequently cumulus oophorus expansion did not affect the cytoskeletonal redistribution, indicating that the cytoskeletonal rearrangement was a prerequisite for the matrix deposition. Microfilaments might affect the deposition of type IV collagen, laminin and fibronectin through actin-linked membrane receptor integrin =6>1 (Sutovsky et al., 1995; Familiari et al., 1996) . Extrafollicular factors are also required for the construction of the cumulus oophorus matrix ( Fig. 2A, C) . When COCs were induced to expand in vitro, the newly synthesized HA molecules were retained in the cumulus oophorus matrix only when serum or inter-=-trypsin inhibitor (ITI) family molecules were present (Salustri et al., 1989; Chen et al., 1992) . The liver-synthesized ITI family molecules are abundant in the circulation (0.15-0.5 mg/ml plasma). Upon LH stimulation, the blood-follicle barrier opens to allow the influx of ITI family molecules into follicles, where they participate in the construction of the cumulus oophorus matrix (Powers et al., 1995; Hess et al., 1998) . ITI family molecules are composed of a common light chain, bikunin, and one or two of the three genetically distinct heavy chains (HC1, HC2 and HC3), of which the C-termini are bound to the chondroitin-4-sulfate chain of bikunin via ester bonds (Salier et al., 1996) . In the presence of enzymatic factor(s), the heavy chains can be transferred to hyaluronan by forming exactly the same ester bonds, which were referred to as the SHAP(serum-derived HA-associated protein)-HA com- In antral follicles at late stages of folliculogenesis, a population of granulosa cells differentiates and forms a cumulus oophorus structure that invests the oocyte. The cumulus oophorus structure undergoes volumetric expansion by depositing an extensive HA-rich extracellular matrix after ovulatory stimulation, and facilitates ovulation and subsequent fertilization in the ampulla of oviducts.
plex (Yoneda et al., 1990; Huang et al., 1993; Zhao et al., 1995) . Such a reaction underlies the incorporation of ITI family molecules into the cumulus oophorus matrix (Zhuo et al., 2001) . The formation of the SHAP-HA complex was found to be greatly enhanced by the presence of versican. Studies with recombinant proteins revealed a specific interaction between a C-terminal portion of SHAP and the N-terminal portion of versican (Yoneda et al., 2000) . Such an interaction may facilitate the initial non-covalent interaction between ITI and HA (Chen et al., 1994; Jean et al., 2001) , and subsequently strengthen the matrix molecule aggregates after the formation of the SHAP-HA complexes. In addition, TSG-6 protein was found to bind readily to the chondroitin sulfate chain of ITI molecule by replacing one of the heavy chains (Wisniewski et al., 1994) . This, together with the upregulation of TSG-6 gene expression in expanding cumulus oophorus, makes it very interesting to examine its roles in the construction of the cumulus oophorus matrix. Davis et al., 1999, and Zhuo et al., 2001, respectively.) Signaling pathways leading to cumulus oophorus expansion LH surge-initiated ovulation response is very complicated but well orchestrated through the continuously active crosstalking among the mural granulosa cells, the cumulus cells and the ovum. LH activates multiple signaling pathways via the specific seven-transmembrane LH receptor in the granulosa and cumulus cells, such as calcium-dependent pathway, phosphoinositol pathway, chloride ion influx and cAMP-dependent pathway (Cooke, 1999; Amsterdam et al., 1999; Mattioli and Barboni, 2000) . Some signals, for example the calcium and cAMP elevation, diffuse into the oocytes through gap junction network to elicit responses of the oocytes (Mattioli and Barboni, 2000) .
The cAMP-dependent pathway has been best studied. In granulosa cells and cumulus cells, ligand binding of LH receptor activates Gs protein, which then stimulate the membrane-associated adenylyl cyclase to elevate the intracellular cAMP level (Downs and Hunzicker-Dunn, 1995; Cooke, 1999) . cAMP further activates protein kinases to stimulate steroidogenesis and the cyclooxygenase(COX)/ lipoxygenase pathway, leading to the increased progesterone production and prostaglandin(PG)/leukotriene synthesis, respectively (Downs and Hunzicker-Dunn, 1995; Strauss et al., 1999; Richards, 2001) . Progesterone induces the expression of matrix-degrading proteases in follicle walls via the progesterone receptor that is upregulated by LH (Tsafriri and Reich, 1999) . Prostaglandin induces the secretion of matrix molecules in cumulus oophorus by cumulus cells. The inducible COX2 is the predominant cyclooxygenase in LH-stimulated preovulatory follicles, and catalyzes the conversion of arachidonic acid into PG subtype H2, which is further converted into various prostanoids by specific PG synthases. PG-E2 is the ovary-dominant prostanoid, and exerts its effects on cumulus cells through binding to the G protein-coupled receptors.
The deposition of cumulus matrix is also controlled by an oocyte-derived factor. When cultured in vitro, the presence of oocyte or oocyte-conditioned medium was required for the response of cumulus cells to FSH, cAMP analogue or EGF in elevating HA synthesis (Buccione et al., 1990; Salustri et al., 1990a; Eppig et al., 1993; Tirone et al., 1993) . TGF>could replace the oocyte to 60% of the maxium level. However, anti-TGF> antibody failed to attenuate the activity of the oocyte-derived factor (Salustri et al., 1990b; Tirone et al., 1997) , suggesting that the oocyte factor is a TGF superfamily member other than TGF>. Three TGF> superfamily members, growth differentiation factor 9 (GDF-9), bone morphogenetic protein 15 (BMP-15) and BMP-6 were found to be expressed in oocytes. When examined in in vitro expansion system by using the recombinant proteins (Elvin et al., 1999) , GDF-9, but not BMP-6 and BMP-15, was able to replace the oocyte or oocyte-conditioned medium to induce the cumulus expansion. RT-PCR revealed that GDF-9 stimulated the mRNA expression of HAS2, COX2, and steroidogenic acute regulator protein (StAR) that is involved in the progesterone synthesis. Consistently, BMP-6 deficiency showed no effect on fertility, while GDF-9 knockout mice are completely infertile, although in that case the folliculogenesis was arrested at stages earlier than cumulus oophorus expansion (Dong et al., 1996; Solloway et al., 1998) . These results strongly argue that GDF-9 is the oocyte factor that controls the HA synthesis of cumulus cells. On the other hand, the oocyte factor seems to have no effect on the secretion of dermatan sulfate proteoglycans by cumulus cells, suggesting distinct regulation mechanisms for the secretion of each component of the cumulus oophorus matrix (Salustri et al., 1990a; Tirone et al., 1993) .
Impaired ovulation and fertilization due to defect in cumulus oophorus structure
Although many knockout mice exhibit a phenotype of anovulation and reduced female fertility, there were often other defects in addition to that of the cumulus oophorus structure, such as the disruption of the hypothalamic-pituary-ovarian axis, hormone imbalance, arrested folliculogenesis, or unrupture of follicle walls, which made it difficult to evaluate the exact physiological functions of the cumulus oophorus structure. Fortunately, knockout mice with specifically impaired cumulus oophorus structure were recently generated.
Mice deficient in the SHAP-HA complex formation was generated by inactivating the gene for bikunin, to which the binding of a heavy chain via ester bond is a prerequisite for its transfer to hyaluronan (Zhuo et al., 2001) . Bikuninnull mice exhibited a specific defect in the formation of the cumulus HA-rich matrix and consequently severe female infertility. The follicles develop and respond to gonadotropin normally in bikunin-null female mice. However, the cumulus cells are poorly organized, and even scattered in the antral cavity after ovulatory induction, indicating a defect in the formation of the cumulus oophorus matrix (Fig. 3A) . The defect caused a reduction of ovulation efficiency by 57% and the complete denudation of ovulated oocytes at 0.5 days post coitus. Although the naked oocytes seemed to have normal morphology, they were rarely fertilized, leading to severe female infertility. Impaired fertilization could be rescued by ITI administration or by transplanting the ovaries of bikunin-null mice to wild-type hosts (Zhuo et al., 2001; Sato et al., 2001) . These results show clearly that the SHAP-HA complex is essential for the construction and function of the cumulus oophorus matrix, and thus establish a physiological significance of the blood circulation in reproduction as directly participating in the construction of cumulus oophorus structure, in addition to the well known roles in transportation of hormones and nutrients. The mouse model also allows further detailed evaluation of the roles of cumulus oophorus structure in ovulation and fertilization.
Another model for cumulus oophorus defect is the EP2-null mouse, which has been generated independently by three laboratories (Kennedy et al., 1999; Tilley et al., 1999; Hizaki et al., 1999) . EP2, one of the PG-E2 receptors, mediates predominantly the signal of PG-E2 in ovaries. The EP2-null mice developed normally to sexual maturation, but showed female infertility due to reduced ovulation efficiency by 28.9%, 19.8% and 33%, and reduced fertilization efficiency by 63.3%, 97.7% and 83%, according to the three groups, respectively. The ovulated COCs in EP2-null mice showed a less expanded and irregularly aggregated cumulus oophorus. When cultured in vitro, PG-E2 could induce the expansion of COCs isolated from wild-type mice, but not that from EP2-null mice (Hizaki et al., 1999) (Fig. 3B) . Early studies have shown that PG-E2 enhanced the synthesis and accumulation of HA in cumulus oophorus matrix (Eppig et al., 1981; Phillips and Dekel, 1982) . These results indicated that the PG-E2/EP2 signaling pathway is central to the in vivo regulation of matrix deposition. Furthermore, although the in vitro fertilization efficiency of oocytes of wild-type mice was reduced significantly in the absence of the cumulus oophorus structures, that of oocytes of EP2-null mice remained unaltered, suggesting that an interaction between spermatozoa and cumulus oophorus matrix is important for successful fertilization.
Likewise, COX2-null female mice are also infertile due to impaired ovulation and fertilization (Lim et al., 1997) . The ovulation efficiency was even lower in COX2-null mice than that in EP2-null mice, due to both abnormal cumulus oophorus expansion and subsequent stigmata formation (Fig. 3A) . The rarely ovulated oocytes lose their cumulus oophorus structures rapidly in the oviduct. PG-E2 administration could rescue most of the defects, but PG-F2a was much less effective (Davis et al., 1999) . Metachromatic staining of proteoglycans showed that the proteoglycans were absent in COCs of COX2-null mice, but were detectable when the mice were rescued by PG-E2 (Davis et al., 1999) . These results, together with those of EP2-null mice, established a central COX-2/PG-E2/EP2-dependent signaling pathway in the regulation of matrix deposition during cumulus oophorus expasion.
Future prospects
The deposition of cumulus oophorus matrix components and the regulation by granulosa cells and oocyte are summarized in Figure 4 . Although the significance of the cumulus oophorus structure in reproduction of higher mammals has been well established, it still remains to be clarified how many different kinds of matrix molecules are involved, how they interact with each other to construct the cumulus oophorus matrix, how the expression and secretion of those matrix molecules are regulated, and how the cumulus oophorus matrix influences the behavior of cumulus cells and the oocyte and the oocyte-spermatozoon interaction. It will be most insightful to examine the fates of the known cumulus matrix components in the existing knockout mice with specific defects in cumulus oophorus expansion. The proteoglycans involved in the cumulus oophorus matrix have yet to be identified. Considering the material limitation for biochemical approaches, molecular biological methods may be more effective for that purpose. The enzymatic factor(s) that catalyzes the formation of the SHAP-HA complex is also important in the regulation of matrix deposition, Fig. 3 . Impaired cumulus oophorus expansion in COX2-, EP2-and bikunin-knockout mice. A). The preovulatory cumulus oophorus expansion. In COX-2-and EP2-knockout mice, the cumulus oophorus remains unexpanded after gonadotropin stimulation due to blocked signaling. In bikunin-knockout mice, the cumulus oophorus expanded, however, the cumulus cells are poorly organized around the oocyte as a result of impaired formation of the cumulus oophorus matrix. B). The COCs isolated from EP2-knockout mice show no response to PG-E2, whereas FSH could induce their expansion, indicating that FSH might activate PG-E2/ EP2-independent alternative pathways. (The figures of COX-2 knockout mouse and BIK-knockout mice in panel A are from Davis et al., 1999, and Zhuo et al., 2001, respectively ; the figures in panel B are from Hizaki et al., 1999). but is still unidentified yet. The FSH-induced in vitro cumulus oophorus expansion has been widely used for studies on the cumulus oophorus structure. However, FSH and cAMP analogues were found to be able to induce the in vitro expansion of COCs from EP2-null mice, whereas PG-E2 failed (Fig. 3B) . This observation suggests that FSH might activate PG-E2/EP2-independent pathways other than the physiological ones, and therefore calls for discretion when interpreting the in vitro results.
